The evolutionary origins of carbon fixation, the biological conversion of CO 2 to metabolites, remain 6 unclear. Phylogenetics indicates that the AcCoA pathway, the reductive fixation of CO 2 to acetyl and 
under a common set of conditions by the combination of Zn 2+ , Cr 3+ and Fe 0 . 20 In this paper, we turn our
13
attention to the search for simple chemical reagents for the first two C-C bond-forming events within a
14
hybrid AcCoA pathway/rTCA cycle; the reductive fixation of two molecules of CO 2 to generate an acetyl
15
group and further reductive carboxylation to form pyruvate. These metabolic reactions rely heavily on
16
catalysis by metalloenzymes and co-factors utilizing Fe, Ni, Co, Mo or W, 21, 22, 23, 24 but the mechanistic steps they enable -reductions, dehydrations and migratory insertions -are also encountered in classical 
19
Results and discussion
20
Anticipating a link between the role of metallic cofactors in extant microbial metabolism and in prebiotic 21 chemistry, 25, 26, 27 we set out to investigate whether simple zero-valent forms of the metals involved in the reductive AcCoA pathway and in pyruvate biosynthesis might promote C-C bond formation from CO 2 in
23
water. We initially screened reactions of 1 mmol of Fe, Co, Ni, Mn, Mo and W powders (for specifications 24 see 
7
In light of iron's position as the premier Earth-abundant metal 28 and its demonstrated ability to drive non- 
12
S12 and Table S2 ). At the lower end of the temperature range, acetate is the major product in solution,
13
with pyruvate and formate formed in slightly smaller quantities. Increasing the reaction temperature to 100 Figure S13 and Table S3 ). The reaction progress was monitored at different Table S5 ), indicating that Fe 0 predominantly reacts to 26 form gaseous products under these conditions. 29 By 85 h, the concentrations of all products in solution 27
decrease, and ethanol is detected in the reaction mixtures for the first time ( Figure S15 ). The disappear-
28
ance of the Fe 0 "fuel" necessary to maintain the reaction in a far-from-equilibrium steady state presumably causes the thermal decomposition of C2 and C3 products to outcompete their generation. 30 Neither chang-1 ing the initial unbuffered pH nor swapping the K + electrolyte for other biologically relevant inorganic cations 2 (Na + , Mg 2+ and Ca 2+ ) had significant influence on carbon fixation (Figures S16 -S26 and Tables S6 -3 S17). However, the salt concentration had a more significant effect, with a drop of acetate and pyruvate 4 yields by over 20% in the absence of KCl ( Figure S27 and Table S18 ). 
13
Several additional experimental observations helped to gain insight into the mechanism of the reaction.
14 First, in the absence of basic workup with KOH prior to NMR analysis, no C1 -C3 carbon fixation products
15
were observed in solution ( Figure S29 ). Second, introduction of formate, methanol or acetate into the
16
reactor under typical reaction conditions did not result in their conversion to higher C2 or C3 products ( Figure S30) . Thus, formate, methanol and acetate, free in solution, do not appear to be intermediates in 1 the reaction. Third, lactate, the product of parasitic reduction of pyruvate, was never observed in any of 2 our experiments, despite the fact that it is readily detected upon exposure of an aqueous pyruvate solution Table S19 ). On the basis of these observations and the reaction's kinetic profile, we propose a preliminary 6 mechanism whereby carbon fixation occurs on the surface of the reduced metal to produce surface-bound 7 species. Initial reduction of CO 2 occurs to generate surface-bound carbon monoxide and formyl groups.
8
Further reductions of the formyl group with expulsion of water leads to a surface-bound methyl group.
9
Chain growth via migratory insertion of carbon monoxide into the methyl group produces an acetyl species,
10
which itself can undergo further migratory insertion of CO to furnish a surface-bound pyruvyl species. The 
12
wise identical Fe-rich conditions allowed for the non-enzymatic synthesis of the amino acid alanine from 13 pyruvate ( Figure S35 ). 20 
14

Conclusions
16
We have shown that zero-valent forms of metals used by metalloenzymes to catalyze biological carbon- possibilities for how further non-enzymatic anabolic reactions might be promoted in the face of potential parasitic off-cycle reactions. 42 The observed reactivity represents a direct parallel between prebiotic chem-
11
istry and the CO 2 -fixing pathways used by primitive autotrophic life, strongly supporting the hypothesis
12
that metabolism originated as prebiotic geochemistry.
13
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14
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